shaw, 1992). However, the relative importance of tonic University College London versus mossy fiber driven inhibition and their effect on Gower Street the input-output relationship of the cerebellar cortex London, WC1E 6BT have not been studied, largely because until recently, it United Kingdom was not possible to block inhibition of granule cells without also blocking inhibition of Purkinje cells. Here, we show that both spillover and tonic inhibition Summary of adult granule cells are mediated largely by receptors that are blocked by furosemide and insensitive to diazeWe show that information flow through the adult cerepam and neurosteroids. We quantify the relative imporbellar cortex, from the mossy fiber input to the Purkinje tance of tonic inhibition and of the direct and spillover cell output, is controlled by furosemide-sensitive, dicomponents of synaptically evoked inhibition. Finally, azepam-and neurosteroid-insensitive GABA A recepwe demonstrate that tonic and spillover inhibition of tors on granule cells, which are activated both tonically granule cells play a major role in controlling information and by GABA spillover from synaptic release sites.
) when applied at a dose (220 M) producing the same inhibition of KCl transporters ‫)%08ف(‬ as 100 M In adult granule cells, the neurosteroid THDOC (3␣,21-low, furosemide did not affect the holding current of Golgi, Purkinje, stellate, or basket cells that do not exdihydroxy-5␣-pregnan-20-1, 0.1 M) generated an inward current (11 Ϯ 3 pA) corresponding to a 34% Ϯ 5% press ␣ 6 subunits (Laurie et al., 1992a), nor did it generate a current in granule cells from 6-day-old rats (n ϭ 5, potentiation of the bicuculline-sensitive tonic current in the same cell (Figures 2A and 2C Figure 2G ). This has a rapidly decaying component that is potentiated
The Effect of Tonic Inhibition on Granule Cell Excitability by diazepam and is thus generated partly by ␣ 1 subunitcontaining receptors, followed by a slow component To test the effect of the furosemide-sensitive, diazepamand neurosteroid-insensitive tonic conductance on the mediated by spillover of GABA released from Golgi cells that are not anatomically presynaptic to the granule cell excitability of adult granule cells, we applied furosemide to cells current clamped using a pipette solution provid-(Rossi and Hamann, 1998), which is unaffected by diazepam and, so, is generated by receptors lacking ␣ 1 subing a physiological Cl Ϫ gradient (E Cl ϭ Ϫ61 mV; Brickley et al., 1996) . Granule cells had a resting membrane pounits ( Figures 2H and 2K ). Furosemide reduced both the early and late components of the IPSC in adult granule tential, input resistance, and capacitance of Ϫ69.6 Ϯ 2.0 mV, 3.4 Ϯ 0.2 G⍀, and 3.9 Ϯ 0.2 pF (n ϭ 13), respeccells ( Figures 2I and 2K ) implying that ␣ 6 subunit-containing receptors contribute to both phases. The spilltively. In response to current injection, they generated trains of action potentials ( Figure 3A) , the frequency over component was essentially unaffected by THDOC and pregnenolone sulfate (potentiated by 5.7% Ϯ 6.2% of which increased with the injected current amplitude ( Figures 3A and 3B ). Furosemide (100 M) increased and 2.4% Ϯ 9.0%, respectively; Figures 2J and 2K) in contrast to the early phase (potentiated by 74.3% Ϯ the input resistance and time constant (by 19% Ϯ 4%, n ϭ 13, p ϭ 0.006), lowered the threshold for action 15.5% and inhibited by 11.8% Ϯ 3.5%, respectively; Figure 2K ). Thus, as for the tonic current, the spillover potential initiation from 8.2 Ϯ 1.0 to 5.0 Ϯ 0.9 pA (p ϭ 0.003, n ϭ 9), and increased the number of action potencomponent is mediated by furosemide-sensitive, diaze-creased the number of action potentials elicited by a single shock in these cells ( Figure 5A ). In vivo mossy fibers fire at high frequencies, so we delivered trains of stimuli to the white matter ( Figure 5B ). The action potential frequency evoked in granule cells increased with, but was always less than, the frequency of mossy fiber stimulation. Furosemide (100 M) approximately doubled the granule cell action potential frequency at all stimulation frequencies ( Figures 5C and 5D) .
To determine whether this was due more to suppression of the tonic conductance or of the synaptically evoked inhibitory conductance, we compared the charge movement per 200 ms suppressed by furosemide in the absence of stimulation (the tonic current) with the suppression by furosemide of charge entry evoked by stimulation, in granule cells voltage-clamped with electrodes containing isotonic Cl Ϫ . At all stimulation frequencies, the furosemide-sensitive, stimulus-evoked charge entry was less than 15% of the furosemide-sensitive tonic charge entry ( Figures 5E and 5F) . Similarly, the stimulus-evoked bicuculline-sensitive charge movement was less than 32% of the bicuculline-sensitive tonic charge entry ( Figures 5E and 5G) . Thus, the tonic conductance is the main inhibitory influence on the granule cells: even at a stimulation frequency of 200 Hz, Golgi cell IPSCs generate a mean conductance that is only 1/3 of the tonic conductance or 1/4 of the total inhibitory conductance (and this fraction will be lower at lower stimulation frequencies; Figure 5G ), so the tonic conductance provides 3/4 of the inhibition. EPSPs consistently elicited action potentials, the frepected if furosemide acts solely on ␣ 6 subunit-containing GABA receptors in granule cells. quency of which increased with the stimulation frequency ( Figures 6A, 6B, 
and 6F). Furosemide (100 M)
Thus, by reducing tonic and IPSC inhibition in granule cells, mediated almost entirely by furosemide-sensitive, potentiated the EPSPs (Figures 6C and 6D) , which reduced the time to the first action potential ( Figure 6E) diazepam-and neurosteroid-insensitive receptors, furosemide potentiates signal transmission through the cerand increased the frequency of action potentials at all stimulation frequencies (Figures 6A, 6B, and 6F) . The ebellar cortex. KCl cotransport blocker bumetanide did not affect the response to mossy fiber stimulation ( Figure 6G; n ϭ 4) . Discussion These experiments were carried out in parasagittal slices in which granule cell to Purkinje cell synapses In this paper, we have shown that the tonic GABA A remay be mainly made by the ascending granule cell axon.
ceptor-mediated inhibitory conductance and the spilloIn case this altered the balance of excitation and inhibiver component of Golgi cell IPSCs in adult cerebellar tion received by the Purkinje cells compared to the in granule cells are generated by furosemide-sensitive, divivo situation, we also performed experiments on coroazepam-and neurosteroid-insensitive receptors. Our nal slices, with the parallel fiber part of the axon intact. quantification of the relative importance for granule cells These showed a similar furosemide-evoked potentiation of tonic inhibition and of the direct and spillover compoof the Purkinje cell response to mossy fiber stimulation nents of synaptic inhibition demonstrates the impor-( Figure 6H ; seven cells). However, furosemide had no tance of these receptors. Even when the mossy fibers effect on signal transmission from parallel fibers to Purare stimulated at 200 Hz, tonic inhibition provides 3-fold more inhibitory charge transfer than do IPSCs from Golgi kinje cells in coronal slices ( Figure 6I; five cells) , as ex- ␣ 1 ) would suggest that the receptors mediating the tonic and spillover IPSC currents contain ␣ 6 and ␦ subunits. subunits generate these currents. 
